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Whole-Genome Genetic Diversity in a Sample
of Australians with Deep Aboriginal Ancestry
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Australia was probably settled soon after modern humans left Africa, but details of this ancient migration are not well understood.
Debate centers on whether the Pleistocene Sahul continent (composed of New Guinea, Australia, and Tasmania) was first settled by
a single wave followed by regional divergence into Aboriginal Australian and New Guinean populations (common origin) or whether
different parts of the continent were initially populated independently. Australia has been the subject of relatively few DNA studies
even though understanding regional variation in genomic structure and diversity will be important if disease-association mapping
methods are to be successfully evaluated and applied across populations.We report on a genome-wide investigation of Australian Aborig-
inal SNP diversity in a sample of participants from the Riverine region. The phylogenetic relationship of these Aboriginal Australians to
a range of other global populations demonstrates a deep common origin with Papuan New Guineans and Melanesians, with little
evidence of substantial later migration until the very recent arrival of European colonists. The study provides valuable and robust
insights into an early and important phase of human colonization of the globe. A broader survey of Australia, including diverse
geographic sample populations, will be required to fully appreciate the continent’s unique population history and consequent genetic
heritage, as well as the importance of both to the understanding of health issues.There is strong fossil and genetic evidence that modern hu-
mans arose in Africa ~200,000 years ago, with a subset
departing the continent much later (~40,000–80,000 years
ago) to populate the rest of the world.1 Mitochondrial DNA
(mtDNA) suggests that these migrants exited Africa by the
‘‘southern route,’’ across the Red Sea to Arabia, moving
relatively rapidly along the coast to reach Southeast Asia
and Australia.2 Indeed, despite its distance from Africa,
Australia has some of the earliest reliable evidence of
human habitation outside Africa, dating to at least ~46,000
and probably ~60,000 years ago.3–5 Archeological evidence
suggests that New Guinea and Melanesia, the islands
immediately north and northeast of Australia, collectively
termed Near Oceania, were also settled by ~40,000 years
ago.6 During this late Pleistocene period, sea levels were
lower and the first humans entered the region when
present day Australia, Tasmania, and New Guinea were
part of a single landmass known as the Sahul. However,
details of dispersal routes and timing of the settlement
remain debated. The common origin hypothesis proposes
a single major migration from Eurasia to the Sahul fol-
lowed by divergence into separate geographic populations.
The independent origin model, by contrast, posits a multi-
wave early settlement of the Sahul with largely indepen-
dent migrations to present-day New Guinea and mainland
Australia. There is also debate around whether the first
settlers were followed by later waves of migrants.
Advances in genotyping technology allow variation
along the entire genome to be simultaneously interrogated
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The Americsity, providing new insights into population history and
facilitating gene discovery by genome-wide association
studies (GWASs).7 However, despite its early and unique
place in human global colonization, there has been rela-
tively little investigation of Aboriginal Australian genetic
diversity. This is partially due to unease felt by someAborig-
inal Australians about genetic research because of the
legacy of past research experiences.8 A limited number of
previous studies have generally focused on traditional Y
chromosome and mtDNA markers and none has surveyed
whole genome diversity. GWAS genotyping and analytical
approaches are typically geared toward populations of
European origin and focused on diseases and conditions
that are prevalent in these people. In order to extend gene
discovery studies, and their potential longer-term health
benefits, to Aboriginal Australians, it will first be necessary
to gain a fuller understanding of Australia’s population
history and the present genetic legacy of that past.9,10
According to genealogical information, the Australians
involved in this study have assured maternal Aboriginal
ancestry with some Aboriginal, European (Scottish), and
other non-Aboriginal paternal connections. They come
from the Riverine area of western New South Wales and
are a subset of those described in previous investigations
of mtDNA variation.11,12 We use the abbreviation AuR
for the sample population throughout this report to be
consistent with, and for the reasons described in, these
publications. Although a single sample population will
not necessarily be representative of an entire continent,
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Figure 1. Unrooted Neighbor-Joining
Phylogenetic Trees
NJ trees are based on the interpopulation
FST matrix calculated from allele frequen-
cies in the 51HGDP populations and those
(A) directly observed in the admixed AuR
population sample and (B) reconstructed
in STRUCTURE as the unadmixed ances-
tral AuR* population. HGDP population
codes can be seen in Table S2. NJ trees
were drawn with the PHYLIP package
(version 3.68).includes the Willandra Lakes and Lake Mungo, where
some of the earliest Australian human remains have been
found.3 Personal contact and ongoing negotiation with
the participants has been carried out by one of the authors
(S.M.v.H.P.) over the past 18 years. Thirty-eight partici-
pants (30 female and eight male) gave informed consent
to further genetic study. Community agreement has been
granted from Maari Ma Health Aboriginal Corporation,
and ethical approval has been given by the Aboriginal
Health and Medical Research Council Ethics Committee
and the University of New South Wales Human Research
Ethics Committee. Local and regional communities have
been consulted with regard to this report.
Samples were genotyped for ~907,000 SNPs on the Affy-
metrix Genome-Wide Human SNPArray 6.0 platform with
standard protocols (Affymetrix). Genotypes were called
from the raw intensity (.cel) files with the Birdsuite soft-
ware13 and a confidence threshold score of 0.1. We subse-
quently conducted additional quality control on the data
by excluding any SNP with a missing genotype rate greater
than 5% (66,251 SNPs) and those that were out of Hardy
Weinberg equilibrium (HWE) applying a stringent cutoff298 The American Journal of Human Genetics 87, 297–305, August 13, 2010p < 0.05 (22,300 SNPs). The average
missing data per individual across
the remaining 824,886 SNPs was
0.2%. Most analysis was restricted to
160,337 SNPs (155,166 autosomal
and 5,171 X chromosome) that were
genotyped in common between the
eleven HapMap3 (n ¼ 988) and 51
Human Genome Diversity Panel
(HGDP; n ¼ 940) populations14 (see
Table S1 and Table S2, available on-
line, for details).
We first explored the overall rela-
tionship of the AuR sample to the
HGDP populations. Importantly, the
HGDP panel included two samples
from Oceania: Papuans (PAP; from
New Guinea) and island Melanesians
(MEL; from Bougainville), popula-
tions thought to be descendents of
the region’s first inhabitants. The
matrix of pairwise interpopulationgenetic distances (FST values) was used to construct a
neighbor-joining (NJ) phylogenetic tree that summarizes
the relationship of the 52 populations to each other (Fig-
ure 1A). The tree divides the populations into five broad
groups: African, East Asian, West Eurasian (European,
Middle Eastern, and Central and South Asian populations),
American, and Oceanic. Although the latter branch con-
tains the MEL, PAP, and AuR groups, AuR show a shorter
branch length than the others, placing them closer to
the trunk of the tree than the other Oceanic populations.
This could be the result of greater genetic drift in the
MEL and PAP or admixture of the AuR with populations
elsewhere on the tree.
Principal component analysis (PCA) of the same data,
which examines individual rather than population-level
genetic affinities, favors AuR sample admixture. The most
important trends (PC1 and PC2) are sufficient to largely
differentiate major continental groups (Figure 2A). Some
AuR individuals are close to the Oceanic cluster, composed
of MEL and PAP individuals, but most occupy a wide range
on PC2 between Europeans and East Asians, generally
falling in an area occupied by Central and South Asian
Figure 2. Principal-Component Analysis
(A) PC1 versus PC2 and (B) PC3 versus PC4
derived from the 51 HGDP populations
and the AuR sample. HGDP populations
have been grouped into seven broader
regions: Africa (AFR), America (AME),
Central and South Asia (CSA), East Asia
(ESA), Europe (EUR), Middle East (MDE),
and Oceania (OCE). See Table S2 for further
population details. PCA was conducted
with EIGENSTRAT33 (version 2).populations. PC3 separates Amerindians from the other
populations. PC4 does the same for the Oceania popula-
tions, with MEL and PAP individuals clustered at one
pole and all other populations at the opposite extreme
(Figure 2B). AuR individuals fall in a broad range between
these extremes, supporting substantial admixture from
a non-Oceanic source.
To investigate the admixture further, we explored the
population structure, without initially considering known
geographic origin, by using the frappe15 and STRUC-
TURE16,17 methods, which infer population clusters from
the genotypes alone and determine the fractional ancestry
of each individual derived from these clusters. Both require
the prior specification of the number of populations or
clusters (K) into which individuals are to be divided. We
carried out a series of runs for K ¼ 2 to K ¼ 8. The frappe
analysis used the entire set of 155,166 autosomal SNPs.
However, because STRUCTURE requires approximate
linkage equilibrium between markers and is computation-
ally slow with large numbers of markers, we divided the
155,166 autosomal SNPs into ten equal sets of ~15,500
by assigning every tenth SNP, by order along the genome,The American Journal of Human Gto a different subset. Given that
results from a series of exploratory
runs using the different sets were
highly correlated, we focused on just
one for our main series of K ¼ 2 to
K ¼ 8 STRUCTURE analyses.
Results from frappe and STRUCTURE
were highly consistent with each
other. At K ¼ 5 (Figure 3) there is clear
separation of individuals according
to the major branches identified in
the NJ tree (Figure 1). TheMelanesians
and Papuans are almost completely
assigned to a single Oceanic cluster
except for a minority East Asian
ancestry component in the Melane-
sians, probably representing introgres-
sion from the Holocene era Austrone-
sian expansion.18 The AuR sample is
a clear mixture of two clusters corre-
sponding to Oceanic ancestry and
the majority ancestry component of
Western Eurasian populations. Recentadmixture with Europeans, who began settling the
continent in 1788, is an obvious source for this Western
Eurasian component and would be consistent with known
genealogical information. However, contact with India
earlier in the Holocene has also been proposed on the basis
of mtDNA19 and Y chromosome20 data. At K > 5, further
population distinction emerges in the Western Eurasian
cluster, with gradual separation of European from Central
and South Asian populations (Figure S1). Although the
distinction is never complete, the non-Oceanic component
in the AuR sample is most consistent with European
ancestry. Such a conclusion is anecdotally supported by
the presence of evolutionarily recent alleles (for example,
the blue-eye-associated allele of the rs12913832 SNP,
near the OCA2 gene21 [MIM 611409] and the red-hair-
associated allele of rs1805007 in the MC1R gene22 [MIM
155555]) that are essentially restricted to (primarily
northern) Europeans.
We attempted to quantify individual ancestry more
accurately by conducting further STRUCTURE analysis
under a model of K ¼ 2, assuming that the AuR sample is
a mixture of an ancient ancestral Aboriginal populationenetics 87, 297–305, August 13, 2010 299
Figure 3. Population Structure Analysis
Individual ancestry proportions in the HGDP and Aboriginal
Australian (AuR) samples at K ¼ 5, from (A) frappe analysis, with
all 155,166 autosomal markers, and (B) STRUCTURE analysis,
with a one-tenth subset (15,516) of all autosomal SNPs. Each hori-
zontal line represents an individual and is divided into K (number
of population clusters) colored segments reflecting the estimated
ancestry proportion from each cluster. Different geographic
samples are divided by black lines with population and region
indicated to the right and left of the plot, respectively. See
Table S2 for a full explanation of population codes. frappe analysis
300 The American Journal of Human Genetics 87, 297–305, August 1and recent European settlers. We therefore only included
the AuR sample and European individuals from
HapMap3 (TSI and CEU, n¼ 200, see Table S1) and allowed
STRUCTURE to incorporate the origin information of
the Europeans in the analysis, effectively rendering them
a training set for one parental population. (We used
HapMap3 as a discovery data set in this analysis so that
we could apply findings downstream in the test HGDP.)
STRUCTURE runs were carried out for each of the ten auto-
somal SNP subsets. Ancestry estimates are highly consis-
tent across all SNP sets, so we averaged across all runs to
obtain a single European versus Australian ancestry frac-
tion for each individual. The Australian component ranged
from 28% to 100% with an average of 64% (Figure 4). As
a result of the strong ascertainment bias of HapMap and
Affymetrix SNPs, however, which were largely identified
from European ancestry populations, the Aboriginal com-
ponent might be underestimated.
We also explored the admixture process by examining
Y chromosome and mtDNA variation. Previous analysis
of AuR mtDNA11,12 showed that 37 individuals are likely
to have ancient Australian maternal origin with deep-root-
ing mtDNA lineages (haplogroups M42a and b, P4b and
S1a), with one mtDNA of probable European origin (hap-
logroup U5). The 257 Y chromosome SNPs successfully
genotyped here were not sufficient to infer in full detail
the haplogroup of the eight AuR Y chromosomes.23 How-
ever, five of these Y chromosomes clearly fall into Euro-
pean haplogroups (R1b1 and I),24 and two are in hap-
logroup C, one of whose subgroups (C4) is common
in Australians.25,26 The final Y chromosome is most
likely haplogroup M (but can only be formally assigned
KxPxNO), which is also found in Australians.27 From these
observations (37.5% male and 97.5% female Aboriginal
Australian ancestors), the expected autosomal ancestry
fraction is ~67%, close to the observed value of 64%.
Because each X chromosome spends two-thirds of its
history in females, the Australian admixture fraction is
expected to be higher when X chromosome markers are
used. A value of 70% is observed, close to the ~77%
expected from the male/female ancestral bias inferred
from Y chromosome and mtDNA markers.
For learning more about the pre-1788 history of the
Australian population, a sample with assured Aboriginal
paternal and maternal ancestry would obviously be ideal.
However, we can use STRUCTURE estimates of parental
cluster allele frequencies, which are modeled jointly with
ancestry proportions, as an approximation of those in the
ancestral population prior to admixture. The STRUCTURE-
reconstructed Aboriginal Australian Riverine (AuR*) allele
frequencies, along with those observed in the HGDP
samples, were therefore used to recalculate pairwiseused 5,000 expectation-maximization (EM) iterations whereas
STRUCTURE runs were conducted under the admixture model
with a 25,000 replicate burn-in followed by 25,000 Markov chain
Monte Carlo (MCMC) iterations.
3, 2010
Figure 4. Distribution of Individual
Aboriginal Australian Genomic Ancestry
Estimates
Values are the fraction of autosomal
genomic ancestry assigned to the non-
European cluster in STRUCTURE using
the 38 AuR individuals, 200 HapMap3
Europeans, and a K ¼ 2. STRUCTURE
runs consisted of a 25,000 replicate burn-
in followed by 25,000 MCMC iterations.FSTvalues.WeassumedanAustralian sample size two-thirds
(n ¼ 25) that of the original sample collection in these FST
calculations, in line with admixture proportions. (Note:
the HGDP were not used in STRUCTURE runs that esti-
mated the AuR* allele frequencies.) A NJ phylogenetic tree,
derived from the interpopulation FST matrix, again shows
five major continental branches (Figure 1B). However,
the AuR* population now groups more tightly with the
Melanesians and Papuans further toward the terminus of
the Oceanic branch. The phylogeny supports the common
origin of the earliest indigenous inhabitants of Oceania,
followed first by the divergence of Australia from Near
Oceania and then by the subsequent split of the latter
into Papuan and Melanesian populations.
We also used the reconstructed allele frequencies to
explore loci that are particularly differentiated between
this sample and the rest of the world by calculating the
FST between AuR* and the entire HapMap3 collection for
each autosomal SNP (Figure 5A and 5B). The most highly
differentiated SNP (rs12458349) is on chromosome
18q21.33 approximately 30 Kb upstream of the PHLPP
gene (MIM 609396). Two further SNPs in the same 0.5 Mb
region are also in the top 25 most differentiated SNPs. The
derived allele of rs12458349 is at its highest frequency in
the reconstructed AuR* (61%) and observed AuR (45%)
Australian samples (Figure 5C). It occurs at a relatively
high frequency in the Papuan sample (30%) but is rare or
absent elsewhere in the world. Interestingly, the region
has been repeatedly implicated, via linkage and associa-
tion, in diabetic nephropathy,28–30 which is one of the
principal causes of chronic kidney disease (CKD).31 Indig-
enous Australians have ~10-fold-higher rates of CKD than
nonindigenous Australians.32 It is possible that variants in
one or more of the genes in this region also contribute to
the increased risk of CKD in Aboriginal Australians. The
observed differentiation in the 18q21.33 region may
simply be the consequence of stochastic sampling errorThe American Journal of Human Gand/or genetic drift. Genetic drift, or
random changes in allele frequencies,
is expected to be a major force in a
population, like Aboriginal Australia,
that has been relatively small and/or
isolated for a long period of time. Dif-
ferentiation could also be explained
by natural selection. The presence of
several highly differentiated SNPs inthe region, spanning nearly 0.5 Mb in length, hints at
the presence of a long common haplotype that might be
indicative of genetic hitch-hiking and recent positive
selection. However, it is difficult to distinguish between
possible explanations because the sample is small, with
extensive admixture hampering phasing and direct inves-
tigation of linkage-disequilibrium-based selection signals.
Whereas the admixture present in the AuR sample
presents a potential challenge in conducting traditional
association methods for disease gene discovery,33 it opens
the possibility of using admixture mapping.34 Admixture
mapping is most suitable for traits, like CKD, that differ
in frequency between the two parental populations of an
admixture group. The approach essentially looks for
genomic regions with an excess of higher-risk population
ancestry relative to other regions or controls.34 A set of
markers, spread across the genome, that are highly infor-
mative as to ancestry (ancestry informative markers or
AIMs) is an essential requirement for admixture mapping.
As an exploratory exercise, we identified a set of 100
Oceanic AIMs, from the top 200 by FST between the AuR*
and the full HapMap3 population, such that no AIM was
within 2 Mb of another (see Table S3 for a full list). With
this marker set and STRUCTURE, under K ¼ 2, it was
possible to distinguish Oceanic versus non-Oceanic
ancestry in the independent HGDP data set with a high
degree of accuracy (as judged against earlier frappe and
STRUCTURE results obtained with more markers)
(Figure 6).
Our study of whole-genome diversity in a sample of
participants with deep Aboriginal ancestry adds to the
genetic, archaeological, anthropological, and linguistic
evidence that Australia has had a long, rich, and unique
population history. Results from the relatively small
number of previous genetic diversity studies, typically
using single loci, could not definitively resolve between
models of initial Sahul settlement. For example, autosomalenetics 87, 297–305, August 13, 2010 301
Figure 5. Genomic and Geographic Distribution of Highly Differentiated SNPs
(A) SNP FST values, calculated between the full HapMap3 sample and the reconstructed Aboriginal Australian (AuR*) allele frequencies,
plotted against genomic location.
(B) Detail of the chromosome 18q21.33 region (NCBI-36 coordinates 57,000,000 to 60,000,000) surrounding the highest observed FST at
rs12458349.
(C) Geographic distribution of rs12458349 allele frequencies in the HGDP, observed AuR and reconstructed AuR* population samples.
Adapted from a graphic produced by HGDP Selection browser.49a-globin locus haplotypes in Australians and New Guin-
eans produced conflicting evidence for both the indepen-
dent origin hypothesis35 and the common origin hypoth-
esis.36 mtDNA diversity11,19,25,37–41 indicates very deep
and diverse maternal ancestry for Australia and New
Guinea. The most recent and comprehensive of these
studies25 found that the defining ancestral node of some
subclades (Q and P) were shared between Australia and
New Guinea, but there was little or no sharing of more
recently evolved derived lineages within these, indicating
a single founding Sahul group with subsequent isolation
between regional populations. Other ancient lineages are
unique to Australia, suggesting the possibility of different
entry points and independent origins. On the paternal302 The American Journal of Human Genetics 87, 297–305, August 1side, very few studies are available and are limited in
language group representation. However, a single Y chro-
mosome lineage (C4a-DYS390.1 del/M347), which Y mi-
crosatellite diversity suggests expanded rapidly beginning
in the mid-Holocene about 5000 years ago,20 is apparently
unique to the Australian continent.25,26 There is little
evidence of Y chromosome sharing between New Guinea
and Australia arguing for at least the relatively recent isola-
tion of the two populations.26
Although the Y chromosome andmtDNA are potentially
powerful markers of population history, they are each
a single locus and potentially prone to high levels of
drift that may obscure the window they provide into the
very distant past. Our analysis is based on a suite of3, 2010
Figure 6. Oceanic Ancestry Informative Markers
Results of a STRUCTURE run (K¼ 2) using 100 AIMs in the HGDP populations. There is clear ability to distinguish the Oceanic (PAPuans
andMELanesians) from non-Oceanic populations. See the Figure 3 legend for a fuller description of the plot. STRUCTURE runs consisted
of a 25,000 replicate burn-in followed by 25,000 MCMC iterations.genome-wide SNPs providing a more robust and broad-
based insight on Aboriginal genetic affinities. The clear
phylogenetic grouping of the Aboriginal Australians with
other Near Oceania samples, from New Guinea and
Melanesia, favors the common origin hypothesis for the
original settlement of the Pleistocene Sahul continent, if
not details of routes and possible entry points. The most
parsimonious explanation is a single settlement of the
Sahul, which archaeological evidence puts at around
50,000–60,000 years ago,3 followed by differentiation into
subregional populations. However, we cannot formally
distinguish between this and an initial separation and
isolation of the proto-Sahul population in mainland
Eurasia followed by multiple ancient migrations to various
locations in the Sahul. Our conclusion is consistent
with global population genetic affinities gauged from Alu
insertion polymorphisms42 and the genetic diversity of
the human bacterial parasite, Helicobacter pylori (H. pylori).
The haplotypes of H. pylori samples taken from people in
New Guinea and Australia form a geographically distinct
and phylogenetically ancient group (whose divergence
from other global lineages was placed at ~32,000 years
on the basis of accumulated diversity) supporting a
single-wave initial Sahul settlement.43
Analysis of finer population structure in the whole-
genome SNP data also indicates that these ancient initial
settlers were subsequently isolated and relatively undis-
turbed by later migrations from the Asian mainland. There
is little evidence, for instance, of East Asian ancestry that
could be attributed to the Austronesian expansion (begin-
ning~5,500 years ago),which impacted, to varyingdegrees,
other indigenous Oceanic (Melanesian and Papuan) popu-
lations,18,44,45 nor is there any convincing signal of recent
contact between Australia and the Indian subcontinent.
The presence of phylogenetically ancient and geographi-
cally restricted mtDNA lineages (such as haplogroups S
and M42) in Australia together with the absence of Austro-
nesian mtDNA (B4a1a1a) and Y chromosome (O-M110,
O-M119, O-M324) lineages supports our whole-genome-
based conclusions. The results imply thatnoted archaeolog-The Americical events, such as the mid-Holocene ‘‘intensification’’
(witnessed by increases in both the complexity and
density of stone tools at many archaeological sites46) or
the arrival of the dingo,47 were not mediated by substantial
amounts of migration from mainland Eurasia. It is clear
from the data, however, that this period of apparent long-
term isolation was ended by the arrival of European settlers
beginning in 1788. A significant minority of the biological
ancestry of the study participants comes from Europeans
and was primarily introduced by males. A marked sex bias
or asymmetry has been genetically noted in the history
of European miscegenation with indigenous groups—for
example, in South Africa.48
Although this study massively increases the number of
loci used to investigate Aboriginal Australian genetic diver-
sity, the increased power to uncover population history is
mitigated by a relatively small sample population from
just one part of Australia, albeit an important Pleistocene
habitation region. A single sample will probably not reflect
the full later history of an entire continent and its people.
The long history of Aboriginal Australians and the large
physical distances across a climatically shifting, sometimes
arid continent, combined with a hunter-gatherer life-
style, which does not typically support high population
densities, may have allowed considerable isolation and
genetic drift between Aboriginal groups in different parts
of Australia. Some regions, particularly in northern coastal
areas, may have experienced migration events that little
impacted other areas. A broader survey of Aboriginal
Australian groups is justified to capture the full diversity
of the continent. As well as providing new insights into
the past, a fuller understanding and appreciation of the
continent’s genetic diversity will be practically important
to extend the latest gene discovery methods, and their
potential health benefits, to Aboriginal Australians.Supplemental Data
Supplemental Data include one figure and three tables and can be
found with this article online at http://www.cell.com/AJHG/.an Journal of Human Genetics 87, 297–305, August 13, 2010 303
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